Abstract. Ambient ionization mass spectrometry has been widely applied to image lipids and metabolites in primary cancer tissues with the purpose of detecting and understanding metabolic changes associated with cancer development and progression. Here, we report the use of desorption electrospray ionization mass spectrometry (DESI-MS) to image metastatic breast and thyroid cancer in human lymph node tissues. Our results show clear alterations in lipid and metabolite distributions detected in the mass spectra profiles from 42 samples of metastatic thyroid tumors, metastatic breast tumors, and normal lymph node tissues. 2D DESI-MS ion images of selected molecular species allowed discrimination and visualization of specific histologic features within tissue sections, including regions of metastatic cancer, adjacent normal lymph node, and fibrosis or adipose tissues, which strongly correlated with pathologic findings. In thyroid cancer metastasis, increased relative abundances of ceramides and glycerophosphoinisitols were observed. In breast cancer metastasis, increased relative abundances of various fatty acids and specific glycerophospholipids were seen. Trends in the alterations in fatty acyl chain composition of lipid species were also observed through detailed mass spectra evaluation and chemical identification of molecular species. The results obtained demonstrate DESI-MSI as a potential clinical tool for the detection of breast and thyroid cancer metastasis in lymph nodes, although further validation is needed.
Introduction
M ass spectrometry imaging (MSI) has emerged as a powerful technology for biomedical applications, as it allows chemical characterization and visualization of the spatial distribution of molecules in a variety of biological tissues [1] . In particular, cancer tissue diagnosis using ambient ionization MSI approaches has been explored by several research groups [2] . For instance, DESI-MSI, the most commonly used ambient ionization MS technique, has been employed to analyze many primary human cancer tissues, including brain [3] , prostate [4] , gastric [5] , kidney [6] , and breast [7, 8] . Other ambient ionization MSI techniques such as laser ablation electrospray ionization mass spectrometry (LAESI-MS) [9] , rapid evaporative ionization mass spectrometry (REIMS) [10] , and nano-DESI [11] have been used to investigate the molecular signatures of biological samples and for cancer diagnosis [2, 12, 13] . Notably, ambient ionization MS techniques bring the advantages of speed and simplicity for molecular evaluation of clinical specimens, and features that are highly attractive for real time diagnosis of tissue specimens in clinical practice.
Cancer staging routinely involves evaluation of regional lymph nodes for presence of metastatic cancer cells. The TNM system is widely used for cancer staging, in which BN^refers to the status of nearby lymph nodes to which the primary tumor has metastasized. The nodal status (value of BN^) plays an important role in determining cancer stage and subsequent treatments. Intraoperative lymph node analysis is commonly performed by histopathologic evaluation of frozen sections or touch imprint cytology. In breast cancer surgery, for example, sentinel lymph node dissection has become a standard technique for staging the axilla and determining the extent of surgical resection. In a study performed on 13,062 breast cancer patients, intraoperative frozen section analysis by histopathologic evaluation allowed metastatic breast cancer detection with a mean sensitivity and specificity of 73% and 100%, respectively [14] . Besides traditional histopathology, other molecular and optical imaging techniques have been explored to provide more accurate detection and staging of cancer in lymph node tissues, including one-step nucleic acid amplification (OSNA) [15] , radio-lympho-scintigraphy [16] , Raman spectrometry [17] , and positron emission tomography (PET) [18, 19] . Matrix assisted laser desorption ionization MSI has been successfully used to identify lymph node metastasis in colorectal, colon, prostate, and breast cancers based on protein detection [20] [21] [22] [23] . More recently, DESI-MSI was used to identify lymph node metastasis from esophageal adenocarcinoma and gastric cancer. In gastric cancer, metabolic profile of the metastatic cancer within lymph nodes was found to be similar to that of the primary tumor site when analyzed by DESI-MSI [24] . In esophageal adenocarcinoma, DESI-MSI allowed objective identification of lymph node metastasis based on its primary tumor lipid profile, with an accuracy of 97.7% in comparison to histopathologic evaluation [25] .
Here, we investigated the usefulness of DESI-MSI for detecting and visualizing metastatic breast and thyroid cancers in lymph node samples. Identification of metabolites, fatty acids (FA), glycerophospholipids (GP), sphingolipids (SL), and glycolipids (GL) was performed to molecularly characterize metastatic tissues within lymph nodes and normal lymph nodes. Various subtypes of complex lipids, such as ceramides (Cer), diacylglycerolipids (DG), triacylglycerolipids (TG), glycerophosphoglycerols (PG), glycerophosphoethanolamines (PE), cardiolipins (CL), glycerophosphoserines (PS), and glycerophosphoinositols (PI) were identified. Trends in the changes of molecular patterns, including variations of degrees of unsaturation of lipid acyl chains were observed in the mass spectra profiles obtained. 2D mapping of the molecules within the tissue sections showed that DESI-MSI allows clear discrimination of cancer metastasis from normal lymphatic and supportive tissue, thus proving evidence that DESI-MSI can be used for lymph node staging in breast and thyroid cancer.
Experimental

Tissue Samples
Banked frozen human tissue samples, including normal human lymph nodes (n = 18), lymph node with metastatic breast cancer (n = 16), and lymph node with metastatic papillary thyroid cancer (n = 8) were obtained from Cooperative Human Tissue Network (CHTN) under approved IRB protocol. Samples were stored in a -80°C freezer until sectioned. Tissue samples were sectioned at 16 μm thick sections using a CryoStar NX50 cryostat (Thermo Scientific, San Jose, CA, USA). After sectioning, the glass slides were stored in a -80°C
freezer. Prior to MSI, the glass slides were dried for~15 min.
DESI-MS Imaging
A 2D Omni Spray (Prosolia Inc., Indianapolis, IN, USA) was used for tissue imaging with a spatial resolution of 150 μm. DESI-MSI was performed in the negative ion mode from m/z 100 to 1500, using a hybrid LTQ-Orbitrap Elite mass spectrometer (Thermo Scientific). Mass spectra were acquired in centroid mode. The histologically compatible solvent system dimethylformamide:acetonitrile 1:1 was used for analysis.
Tissue Staining
The same tissue sections analyzed by DESI-MSI were stained using standard H&E staining protocol. Pathologic evaluation was performed using light microscopy by two dedicated surgical pathologists (C.N. and W.Y.).
Lipid Identification
Lipid species were identified using high mass accuracy measurements and collision induced dissociation (CID) or higherenergy collisional dissociation (HCD) tandem MS analysis. Fragmentation patterns were compared with literature reports in conjunction with data from Lipidmaps database (www. lipidmaps.org) for identification.
2D Imaging Data Analysis
Xcalibur RAW files were converted into images using FireFly data conversion software (Prosolia, Inc. Indianapolis, IN, USA) and then uploaded into the open source imaging software package BioMAP (Novartis).
Results and Discussion
Molecular Characterization of Lymph Nodes
First, we sought to evaluate and characterize the molecular signatures of normal lymph nodes by DESI-MSI. A total of 18 normal human lymph node samples were imaged using DESI-MSI in the negative ion mode. The mass spectra obtained presented a rich diversity of molecular ions, including small metabolites and various lipid species such as FA, SL, GL, and GP. Figure 1a shows a representative mass spectrum of normal lymph node in the range from m/z 100 to 1000. As observed, PI (18:0/20:4), commonly detected at m/z 885.551 by DESI-MSI from biological tissues, presented the highest relative abundance within all lymph node samples analyzed. In mass range from m/z 500 to 1000, other abundant peaks were tentatively assigned as Cer, PE, DG, PG, and PS, using high mass accuracy and tandem MS analyses. In the mass range from m/z 200 to 400, rich FA peaks with various lengths and unsaturation levels of carbon chains were detected, such as FA (16: DESI-MSI experiments were conducted to evaluate the distribution of molecular ions in lymph node tissues. Figure 1b displays 13 representative ion images obtained for a normal lymph node tissue sample, showing a homogenous distribution of these molecular ions in normal lymph node. After DESI-MS imaging, the same tissue was H&E-stained and evaluated by histopathology, which confirmed that the tissue was composed of normal lymphocytes. A relatively homogenous distribution of molecular ions was consistently observed for regions with high density of lymphocytes within all the normal lymph node samples analyzed. In some tissues, lymph node capsule tissue, which is composed of dense irregular connective tissue surrounding lymph node cells, was also identified. The capsule tissue presented characteristic mass spectra with high abundance of TG species, detected as Cl adducts in the negative ion mode, when compared with lymphocytes (Supplementary Figure S1) . 
Imaging of Metastatic Thyroid Cancer in Lymph Nodes
Papillary thyroid carcinoma is the most common form of thyroid cancer, accounting for about 80% of all thyroid cancers. Cervical metastasis, when cancer cells spread from the primary tumor to the sentinel lymph nodes in the neck, occurs in 50% of small papillary carcinomas and in more than 75% of the larger papillary carcinomas [26, 27] . Here, we used DESI-MSI to investigate the molecular profiles and distribution of eight samples of lymph nodes containing metastatic thyroid cancer. lymph node samples. Thus, the 2D ion images shown here demonstrate the ability of DESI-MSI to distinguish fibrosis, adjacent normal lymph node, and metastatic thyroid cancer based on the detection of distinct molecular profiles. Similar trends in ion abundances were observed for most of the other tissue samples presenting a mixture of metastatic papillary thyroid cancer and adjacent normal lymph node regions, although inconsistencies were seen for a few ions, such as glutathione (Supplementary Figure S2) .
Changes in molecular profiles observed in adjacent lymph node and metastatic thyroid cancers were further evaluated by careful comparison of mass spectra for two interesting m/z regions found, m/z 650 to m/z 690, and m/z 805 to m/z 870 (Supplementary Figure S3 and Figure 3, respectively) . Comparisons of the lipid alterations were performed within the same tissue section. As shown in Figure 3 , PS, PG, and PI with different unsaturation levels were found in this mass range for both adjacent and cancerous lymph node. Changes in fatty acid unsaturation levels within a specific length of carbon chain of GP were observed. For example, in adjacent lymph node region, the abundance of PI (36:2) (m/z 861.550), which presents 36 carbons and two double bonds in the fatty acid chains, was slightly higher than that of PI (36:4) (m/z 857.518), which presents four double bonds in the fatty acid chains (Figure 3a) . However, the pattern for these two ions was drastically different in the papillary thyroid cancer metastatic region (Figure 3b) , showing a lower relative abundance of PI (36:2) (m/z 861.550) Figure S3 ) also has lower abundance of unsaturated lipids. Thus, alterations in the ratio of the relative abundances of two lipid species with the same fatty acid carbon chain number but different unsaturation levels have the potential to allow for differentiation between normal lymph node tissue and metastatic thyroid tumors by DESI-MSI.
Imaging of Metastatic Breast Cancer in Lymph Nodes
Nodal evaluation for invasive breast cancer is required for proper staging and helps guide adjuvant therapy [28] . A total of 16 human sentinel lymph nodes with metastatic breast cancer were analyzed to evaluate whether DESI-MSI allows discrimination of metastatic breast cancer in lymph node tissue. Figure 4 shows selected ion images of different molecular ions for a representative sample of metastatic breast cancer in lymph node. Three patterns in spatial distributions of molecular ions were observed, which strongly correlated with regions of adipose tissue (marked in blue), adjacent lymph node (marked in green), and metastatic breast cancer (marked in red), as determined by pathologic evaluation of the same tissue section after H&E staining. As observed in ion images presented in Figure 4 , adipose tissue region presented higher relative abundances of TG lipids, which can be clearly seen in the 2D ion images of TG (52:4), TG (52:3), and TG(52:2). Adjacent lymph node region presented high relative abundances of PS(40:5), PS(38:4), PE(38:4), and CL(54:8) compared with metastatic breast cancer regions, which corroborates with that observed in thyroid cancer lymph node metastasis. Other lipids including PI(38:4) and fatty acids species such as FA(20:4) and FA(22:6) were observed in higher relative abundances in the metastatic breast cancer regions compared with adjacent tissues. Indeed, many studies have associated fatty acid synthesis and metabolism to breast cancer invasion and aggressiveness [28, 29] . Alterations in the abundance of fatty acids has been previously described in primary human breast cancer and animal models using DESI-MSI [7, 8] and MALDI-MSI [30] . High relative abundances of FA(20:4) and FA(22:6) were consistently observed in all metastatic breast cancer regions of the lymph node samples analyzed.
Few ions detected in sentinel lymph node breast cancer metastasis showed inverse distribution patterns compared with the ion image patterns for thyroid metastasis (Figure 2 ). For example, glutathione (m/z 306.073), which was almost exclusively detected in cancer region of lymph node thyroid metastasis, displayed higher abundance in adjacent lymph node regions instead (marked in green over the optical image of H&E-stained tissue in Figure 4a ). Glutathione is a natural tripeptide that plays important roles in various cellular processes, including antioxidation, cell differentiation, proliferation, and apoptosis. Altered levels of glutathione have been reported in various types of tumors [31] . Interestingly, glutathione Figure 5 . Representative DESI mass spectra in the mass range from m/z 805 to 870 extracted from (a) adjacent normal lymph node tissue region, and (b) metastatic breast cancer tissue region of the same sample metabolism is able to play both protective and pathogenic roles, and have been specifically linked to resistance to chemotherapy [32] . Thus, the changes in relative abundances of glutathione observed by DESI-MSI may be patient-dependent rather disease-specific, and should be further evaluated. Other molecules detected, such as FA (22:4) (m/z 331.264), Cer (d34:1) (m/z 572.481), PS (34:1) (m/z 734.499), and PI (38:4) (m/z 887.564), also presented opposite distribution patterns with that of lymph node thyroid metastasis when comparing metastatic and adjacent lymph node tissues.
Detailed investigation of changes in relative abundances of specific lipid species within narrow m/z ranges in lymph node breast cancer metastasis was performed. As seen in Figure 5 (m/z 805 to 870), the relative abundance of PI species containing 36 carbons with higher degree of unsaturation was decreased in comparison to more saturated species when comparing metastatic breast cancer and adjacent normal lymph node tissues, as clearly observed for PI (36:4) (m/z 857. Figure S5 ). Similar trends were observed for the other metastatic lymph node samples analyzed, although a larger sample cohort and statistical evaluation are needed to define significant markers.
Conclusions
We have shown that DESI-MSI can be used to detect and visualize human metastatic thyroid and breast cancer tissues within lymph nodes based on alterations in the abundances of lipids and metabolites. 2D DESI-MS images of specific molecular ions enable clear discrimination of metastatic cancer from other histologic features of the tissue sections, including adjacent normal lymph node tissue and other supportive tissues such as fibrosis and adipose tissues. Through comparison of ion images with pathologic evaluation, changes in relative abundances of specific molecular ions were clearly observed, leading to the inference that some ions could serve as diagnostic markers for detection of thyroid and breast cancer metastasis in lymph node tissues.
Comparison of the mass spectra profiles extracted from regions with a predominant histologic feature in the ion images allowed evaluation of molecular changes associated with metastatic breast, thyroid, and normal lymph node tissues.
Distributions of small metabolites, such as glutamine, showed opposite spatial distributions in cancer metastasis and the adjacent normal lymph nodes, respectively. Distribution of glutathione was also distinct in different tissue regions, although inconsistencies across different patients were observed. Several other lipid species, including CL, PI, PS, and Cer, allowed discrimination of metastatic cancer and adjacent normal tissues. Similarly, molecular distributions of FA and GP showed the potential to distinguish between breast cancer metastasis and adjacent normal lymph node tissue. In particular, arachidonic acid, FA(20:4), and docosapentaenoic acid, FA (22:5) , showed high relative intensities in the metastatic breast cancer regions compared with adjacent normal lymph node and adipose tissues.
Comparisons of normal lymph node and thyroid tumor tissue spectra showed alterations in fatty acyl unsaturation levels for PS, PG, and PI lipid species in thyroid cancer metastasis. GP species with longer FA carbon chains presented higher levels of unsaturation in papillary carcinoma regions of the tissue compared with normal lymph node regions, whereas shorter carbon chains had reduced levels of unsaturation within the tumor regions. Conversely, while breast cancer metastasis showed differences in unsaturation levels between tumor and normal tissue as well, these tissues exhibited the opposite trend, with longer carbon chains with low levels on unsaturation and short carbon chains with high levels of unsaturation being more abundant in the breast cancer tissue than in the adjacent normal lymph node.
In summary, our results demonstrate the potential of DESI-MSI for lymph node diagnosis to aid in the staging of human thyroid and breast cancers. This is the first example of the use of DESI-MSI for investigation of the metabolic signatures of breast and thyroid cancer metastasis. As ambient ionization MS technologies have been increasingly explored for intraoperative cancer diagnosis, we expect DESI-MSI and other ambient ionization MS techniques to be used for cancer staging through lymph node analysis. Note that while this study demonstrates the use of DESI-MS for tissue section imaging, the time needed for sectioning (~15 min) and MS imaging (~30 min) could limit its use for rapid lymph node evaluation. Thus, we are exploring the use of DESI-MSI for lymph node analysis using alternative sample preparation approaches such as touch imprint biopsies, which are routinely used for rapid intraoperative lymph node analysis by cytopathology [34] . Further, we envision DESI-MS to be used to assess specific tissue regions with ambiguous lymph node diagnosis by histopathology, at a faster operating rate, which may improve throughput and accuracy in cancer staging in clinical practice. Although consistent trends in abundances of specific molecular ions were observed for the 42 tissue samples analyzed, further experiments with a larger sample cohort will be pursued to confirm these findings. Importantly, statistical analysis will also be pursued to determine metabolic markers that significantly characterize metastatic breast and thyroid tissues, and to develop statistical classifiers for rapid tissue diagnosis in order to validate the usefulness of DESI-MSI as an accurate technology for cancer staging.
